We have cloned a chick homologue of Drosophila dachshund (dac), termed Dach1. Dach1 is the orthologue of mouse and human Dac/ Dach (hereafter referred to as Dach1). We show that chick Dach1 is expressed in a variety of sites during embryonic development, including the eye and ear. Previous work has demonstrated the existence of a functional network and genetic regulatory hierarchy in Drosophila in which eyeless (ey, the Pax6 orthologue), eyes absent (eya), and dac operate together to regulate Drosophila eye development, and that ey regulates the expression of eya and dac. We find that in the developing eye of both chick and mouse, expression domains of Dach1 overlap with those of Pax6, a gene required for normal eye development. Similarly, in the developing ear of both mouse and chick, Dach1 expression overlaps with the expression of another Pax gene, Pax2. In the mouse, Dach1 expression in the developing ear also overlaps with the expression of Eya1 (an eya homologue). Both Pax2 and Eya1 are required for normal ear development. Our expression studies suggest that the Drosophila Pax-eya-dac regulatory network may be evolutionarily conserved such that Pax genes, Eya1, and Dach1 may function together in vertebrates to regulate neural development. To address the further possibility that a regulatory hierarchy exists between Pax, Eya, and Dach genes, we have examined the expression of mouse Dach1 in Pax6, Pax2 and Eya1 mutant backgrounds. Our results indicate that Pax6, Pax2, and Eya1 do not regulate Dach1 expression through a simple linear hierarchy. q
Introduction
Conservation of developmental regulatory mechanisms across species, ranging from Drosophila to human, is an emerging theme in the study of embryogenesis. Homologous genes can function in analogous processes in evolutionary distant organisms. This important concept was largely established through investigations of the genetic regulation of eye development in different species. The gene eyeless (ey) is required for the formation of compound eyes in Drosophila (Quiring et al., 1994) . Not only is ey required for eye formation, but it is sufficient for eye formation. When the ey gene is expressed elsewhere in the larvae, ectopic eyes are formed at these sites (Halder et al., 1995) . In vertebrates, the homologue of ey is Pax6, and it is also required for normal eye formation. Mice lacking this gene (Small eye (Sey) mice), also exhibit a failure of normal eye development (Quiring et al., 1994) . Remarkably, as in Drosophila, when Pax6 is expressed ectopically in vertebrate embryos, ectopic eyes are formed (Chow et al., 1999) .
More recently it has become clear that not only are single genes conserved during evolution, but entire networks of interacting genes can be conserved in their function over great evolutionary distances. In Drosophila, the genes ey, eyes absent (eya), sine oculis (so), and dachshund (dac) are all necessary for eye formation (for reviews see Desplan, 1997; Wawersik and Maas, 2000) . Mutations in each of these genes leads to defects in eye formation. Ectopic expression of ey, eya, or dac leads to the formation of ectopic eyes (Bonini et al., 1997; Halder et al., 1995; Shen and Mardon, 1997) . Moreover, ey, eya, so, and dac are involved in a complex genetic and biochemical network. Not only are these genes able to regulate the expression of the other members of this network, but physical interactions between the proteins encoded by so and eya, and eya and dac underlie synergistic regulation of eye formation by these pairs of genes (Chen et al., 1997; Pignoni et al., 1997) . Respective vertebrate homologues of ey, eya, so, and dac have been identified: Pax6, Eya 1-4, Six 1-5, and Dac/Dach (hereafter referred to as Dach1) and Dach2 (Borsani et al., 1999; Caubit et al., 1999; Davis et al., 1999 Davis et al., , 2001a Esteve and Bovolenta, 1999; Hammond et al., 1998; Heanue et al., 1999; Kozmik et al., 1999; Mishima and Tomarev, 1998; Oliver et al., 1995a,b; Quiring et al., 1994; Xu et al., 1997) . Because of the established conserved role of ey and Pax6 across species (Quiring et al., 1994) , vertebrate homologues of the other eye inducing genes may have a similar complex regulatory relationship in eye development in vertebrates. Indeed, expression profiles of some of the vertebrate homologues are consistent with such a model: Pax6, Eya1 and Eya2, Six3, and Dach1 are all expressed during the development of the eye (Caubit et al., 1999; Davis et al., 1999; Hammond et al., 1998; Kozmik et al., 1999; Oliver et al., 1995a; Quiring et al., 1994; Xu et al., 1997) . Moreover, ectopic Pax6 and Six3 are capable of inducing ectopic eyes when misexpressed in vertebrates (Chow et al., 1999; Loosli et al., 1999; Oliver et al., 1996) .
Studies of Eya, Six, and Dach genes in a different developmental context, that of myogenesis, have directly demonstrated that the regulatory and physical interactions between these genes are conserved from Drosophila to vertebrates . In the context of the developing somite, Pax3, Dach2, Eya2, and Six1 operate together to regulate myogenesis, and Dach2 and Eya2, and Eya2 and Six1 proteins physically interact . Furthermore, these studies revealed that this network has been expanded to include gene family members which are not directly homologous; for example Pax3 is used in the genetic network controlling myogenesis, rather than Pax6, despite the fact that Pax3 is not the orthologue of ey (Quiring et al., 1994) .
These findings lead us to speculate that this network of genes may have been recruited to function downstream of a variety of different Pax genes in vertebrates, in a variety of different developmental contexts. The hypothesis is also supported by work studying genetic regulation between some of these genes in the context of ear and kidney development (Xu et al., 1999) . Mice that are mutant for either Eya1 or Pax2 have defects in both ear and kidney development (Torres et al., 1996; Xu et al., 1999) . Eya1 mutant mice lack ears and display a loss of Six1 gene expression in the developing otic vesicle (Xu et al., 1999) . Eya1 mutant mice also fail to develop kidneys and similarly fail to express Six2 in the metanephric mesenchyme, a major constituent of the developing kidney (Xu et al., 1999) . Thus, in ear and kidney development there is a grouping of a Pax gene with different Eya and Six genes; in the ear, Pax2/Eya1/Six1 and in the kidneys, Pax2/Eya1/Six2. While previous studies have hypothesized a regulatory relationship between Dach1 and Pax6 in the context of mouse eye development (Caubit et al., 1999; Davis et al., 1999; Hammond et al., 1998; Kozmik et al., 1999) , the possible relationship between Dach1 and other Pax genes has not been explored. We have previously suggested Dach2 is a good candidate to be operating with Pax2/ Eya1/Six2 in kidney development ; however, no Dach gene has thus far been implicated in functioning with Pax2/Eya1/Six1 in ear development.
We have cloned a second chick homologue of Drosophila dachshund, named Dach1. Dach1 is most closely related to mouse and human Dach1, and is distinct from the previously identified chick homologue Dach2 (Caubit et al., 1999; Davis et al., 1999; Hammond et al., 1998; Heanue et al., 1999; Kozmik et al., 1999) . Dach1 is expressed in embryonic neural structures, such as the spinal cord, eye, and ear. During eye and ear development of both mouse and chick, domains of Dach1 expression overlap with domains of Pax6 and Pax2 expression, respectively. This finding supports the hypothesis that Dach genes may function downstream from a number of different Pax genes. During ear development Dach1 expression also overlaps with Eya1. We have utilized genetic approaches in the mouse to determine if Dach1 is directly regulated by Pax6, Pax2, or Eya1 during eye and ear development. Our results indicate that Dach1 may indeed be operating with different Pax and Eya genes in different developmental contexts, however Dach1 expression does not depend on these single Pax and Eya genes. Dach1 putative amino acid sequences. Identical amino acids are boxed. Chick Dach1 shows 87 and 86% amino acid identity to mouse and human Dach1, respectively. Chick Dach1 sequence represents an incomplete clone, lacking approximately 35 amino acids at the N-terminus. Asterisks (*) flank the highly conserved N-terminal DD1/Dachbox-N domain (see also B, below) and diamonds (V) flank the highly conserved C-terminal DD2/Dachbox-C domain. The Cterminal region of DD2 is predicted to form an a-helical coiled-coil motif (indicated with a line over the sequences). See text for details. (B) The DD1 domain of chick Dach1 putative amino acid sequence shows 77% amino identity to Drosophila Dac, and 100% identity to both mouse and human Dach1, respectively. In addition, this domain of the vertebrate Dach1 proteins has low level homology (25-30%) to regions of the mouse Ski and mouse SnoN proteins (see text for details). (C) Phylogenetic tree comparisons (made using Lasergene Navigator) reveal that vertebrate Dach genes cloned to date fall into two classes, one represented by Dach1 and a second represented by Dach2. The percent difference between the various amino acid sequences, from 0 to 24%, is indicated by the guide below. 
Results

Chick Dach1 is a homologue of Drosophila dac and mouse and human Dach1
To identify vertebrate homologues of Drosophila dachshund, a chick library was screened with a human EST clone with homology to dachshund. Two distinct classes of chick Dachshund clones were isolated, Dach1 and Dach2 (see below, and Heanue et al., 1999) . Independent studies identified a murine and human homologue of dachshund, referred to as Dac or Dach (hereafter referred to as Dach1) (Caubit et al., 1999; Davis et al., 1999; Hammond et al., 1998; Kozmik et al., 1999) . Sequence comparison and expression analysis suggest that Dach1 is the chicken homologue of mouse and human Dach1. Sequence analysis reveals that the chick Dach1 clone lacks the region encoding the N-terminus of the protein, a region of approximately 35 amino acids which is found in mouse and human Dach1 proteins (Fig. 1A) .
Comparison of the predicted amino acid sequence of chick Dach1 with mouse and human Dach1 (Fig. 1A) shows a high level of sequence conservation: 87% identity between chick and human. The level of amino acid identity is particularly high in two regions which were previously identified as being conserved between mouse Dach1 and Drosophila Dac, and denoted DD1/Dachbox-N (flanked by asterisks in Fig. 1A ) and DD2/Dachbox-C (flanked by diamonds in Fig. 1A ) Hammond et al., 1998) . The DD1 domain of Drosophila Dac possesses transcriptional activation activity in yeast, and the DD2 domain of Drosophila Dac contains the Eya binding region (Chen et al., 1997) . The identity between chick Dach1 and Drosophila Dac is 77% in the DD1/Dachbox-N domain and 55% in the DD2/Dachbox-C domain. Identity between chick Dach1 and human Dach1 is 100 and 93% in the DD1 and DD2 regions, respectively. In addition, the DD1 domains of the vertebrate Dach1 proteins show 25-30% homology to a region of mouse Ski and SnoN proto-oncogene proteins which is required for their transforming and myogenic inducing activities (Boyer et al., 1993; Zheng et al., 1997b) (Fig. 1B) . Although the DD2 domains of vertebrate Dach1 proteins show only low level homology to Ski and SnoN, like Ski and SnoN they are also predicted to form a-helical coiled-coil structures (data not shown and Hammond et al., 1998) . The a-helical coiled-coil regions of Ski and SnoN are critical to their function, possibly by affecting their ability to dimerize and participate in transcriptional activator or repressor complexes (Nagase et al., 1993; Nomura et al., 1999; Zheng et al., 1997a) .
Comparison of the various Dach genes cloned to date identify two distinct classes of vertebrate genes: mouse, human, and chick Dach1, and mouse and chick Dach2 (Fig. 1C) (Caubit et al., 1999; Davis et al., 1999 Davis et al., , 2001a Hammond et al., 1998; Heanue et al., 1999; Kozmik et al., 1999) . A human homologue of Dach2 has also been identified (Davis et al., 2001a) 2.2. Chick Dach1 is expressed in a wide variety of tissues, notably in the developing nervous system
To determine where Dach1 is expressed during development, chick embryos at various developmental stages were analyzed by in situ hybridization (Figs. 2 and 3). Expression profiles of Dach1 are distinct from those of Dach2 indicating that the RNA probes used are specific.
Dach1 expression is seen in several regions of the developing nervous system (Figs. 2 and 3). At stage 13, Dach1 is expressed in the prosencephalon (forebrain), and myelencephalon ( Fig. 2A) . Later in development, at stage 18, Dach1 is expressed in the telencephalon, diencephalon, midbrain, and hindbrain, and persists until at least stage 25 ( Fig. 2B -E). Dach1 is expressed in the developing neural tube, at stage 13 ( Fig. 2A) , and at later stages is expressed in a variety of ganglia, including the dorsal root ganglia and the spinal ganglia (Fig. 3A,B) .
Dach1 is first expressed in the developing eye at stage 15 ( Fig. 2B ). Cross sections reveal that at later stages Dach1 is expressed in both the neural retina and in mesenchymal cells which surround the eye ( In addition to being a marker for a variety of different neuronal populations, Dach1 is also expressed in nonneuronal structures. Dach1 is expressed in the somites, the anterior and proximal mesenchyme and the AER of the limb buds, as well as in aortic arches, gut, and heart (Figs. 2-4).
Chick Dach1 expression domains overlap with regions of Pax6 and Pax2 expression
Aspects of the Dach1 expression pattern are similar to those previously reported for both Pax6 and Pax2, particularly in developing neural structures (Schwarz et al., 1999) . In order to verify these similarities, comparisons of the expression profiles were made, using similarly staged chick embryos at both early and later phases of neural development.
Dach1 and Pax6 have overlapping expression domains in the forebrain at stage 13, and in the telencephalon at stage 19, although the expression of Dach1 is broader than Pax6 at both of these stages (Fig. 4A ,B,D,E). In addition the two genes show overlapping expression in the eye, though the onset of strong Dach1 expression is delayed relative to Pax6 (Fig. 4A ,B,D,E). At stage 19, the two genes are also coexpressed in the telencephalon and the nasal placodes.
Other aspects of the Dach1 expression pattern overlap exclusively with Pax2. In both the emerging and mature otic vesicle Pax2 and Dach1 have similar expression patterns ( Fig. 4A ,C,D,F, and data not shown), whereas Pax6 is not expressed in the otic vesicle ( Fig. 4B ,E). Overlap between Dach1 and Pax2 expression patterns is also seen in the branchial grooves. Pax2 expression in this region corresponds to the developing neurogenic placodes, while Pax6 expression is not observed at these sites ( Fig. 4A-E ).
Expression of mouse Dach1 overlaps with Pax6 during retinal development
Dramatic phenotypes in the eyes of both mice and humans carrying mutations in Pax6 clearly establish a critical function for Pax6 in eye development (Glaser et al., 1992; Hill et al., 1991; Ton et al., 1992) . Similarities in the expression patterns of Dach1 and Pax6 in the developing chick eye led us to speculate that the two genes may be functioning together in eye development. If this were true, we would expect the similarities in expression between Pax6 and Dach1 in the eye to be evolutionarily conserved. To verify that the similarities in Pax6 and Dach1 expression profiles that we observed in the chick also exists in the mouse, we compared the expression patterns of these two genes directly by examining adjacent mouse tissue sections at a variety of developmental stages. Early in eye development, from 11.5 to 15.5 days post coitum (dpc), when the retina is largely comprised of undifferentiated cells, the two genes are both expressed throughout the retinal tissue ( Fig. 5A-D) . As retinal differentiation proceeds, from 17.5 dpc to P0 (birth), the two genes continue to be coexpressed in the undifferentiated ventricular zone. However, while Pax6 becomes most highly expressed in the differentiated population of the outer nuclear layer, Dach1 is not expressed in these cells (Fig. 5E-H) . Thus, if Dach1 is acting with Pax6 during eye development, it may be doing so at early stages of retinal development in the undifferentiated retinal cells.
Dach1 expression is not affected by the loss of Pax6
The similarities in expression between Pax6 and Dach1, and the evidence for a regulatory relationship with the Drosophila homologues, suggested that in Pax6 may regulate Dach1 in vertebrates. To test this idea directly, we examined Dach1 expression in the naturally occurring Pax6 mutant strain Small eye (Sey) (Quiring et al., 1994) . Such analysis reveals that Dach1 expression is unaffected in Sey mutants, in either the retina or the dorsal telencephalon (Fig. 6 , compare A,C to B,D). Therefore, Dach1 must be under control of factors in addition to, or other than, Pax6.
Mouse Dach1 is expressed in the otic vesicle, overlapping with domains of Pax2 and Eya1 expression
The overlapping expression of Dach1 and Pax2 observed in chick otic vesicle is also observed in the mouse. Dach1 and In a dorsal view stage 13 (st 13) embryo, Dach1 expression is seen in the developing neural regions of the forebrain, myelencephalon, and otic vesicle. Neural tube staining is seen only in anterior domains, the posterior margin of expression is indicated by an arrowhead. Mesenchymal staining is seen in the cells which will form the branchial region (denoted with an arrow) and in somites. The newly formed somite (sI) expresses Dach1 throughout the tissue, whereas expression in more mature somites (sV) is restricted to the lateral edges. (B) At stage 15, expression persists in the forebrain, and otic vesicles, and future branchial arch region (see arrow). Expression in the neural tube has extended more posteriorly (see arrowhead), and expression is now seen in the nasal placode and in the eye. (C) At stage 18, several neural structures show Dach1 expression, including the telencephalon, diencephalon, midbrain, and hindbrain. Expression is also seen in the eye, including the surrounding mesenchyme. The neural tube now expresses Dach1 throughout its anterior to posterior extent. Expression persists in the otic vesicle, nasal placode, and sites of other neurogenic placodal development, as well as in the medial and lateral somites. The emerging limb buds express Dach1, and this expression appears to be restricted to anterior domains. (D) At stage 21, the telencephalon, midbrain, hindbrain and neural tube continue to express Dach1, while weaker expression is evident in the diencephalon. Eye, otic vesicle, nasal placode, and somite expression also persists. Limb buds express Dach1 in proximal regions, though the expression extends more distally in the anterior region. Expression is also detected in the apical ectodermal ridge (see inset). (E) At stage 25, Dach1 expression continues in the telencephalon, midbrain, hindbrain, neural tube, eye, otic vesicle, nasal placode, somites, and limb buds. Expression in the limb is seen in the anterior and in the posterior of the limb bud, at lower levels in the distal portion of the limb bud, and with no expression in the middle region of limb tissue. Dach1 expression is also seen in the large intestine. fb, forebrain; my, myelencephalon; ov, otic vesicle; sI, somite I; sV, somite V; ey, eye; np, nasal placode; tc, telencephalon; dc, diencephalon; mb, midbrain; hb, hindbrain; ng, neurogenic placodes; flb, forelimb bud; hlb, hindlimb bud; nt, neural tube; AER, apical ectodermal ridge; li, large intestine.
Pax2 are both expressed in the mouse otic vesicle at 9.5 dpc (data not shown). At 12 dpc, Dach1 expression is detected in the medial wall of the otic vesicle (Fig. 7B) . At this same stage, Pax2 expression is observed in both the medial and ventrolateral walls of the otic vesicle (Fig. 7A) . Eya1, which is known to be required in the developing ear (Xu et al., Purple stain in the telencephalon is the result of pooling of probe in the vesicle and does not represent true expression. fb, forebrain; ov, otic vesicle; ey, eye; mc, mesocoele; aa, aortic arches; bg, branchial grooves; tc, telencephalon; np, nasal placode; p, pineal; s, stalk; mh, midbrain/hindbrain border; ng, neurogenic placodes. 1999), is also expressed in the otic vesicle at 9.5 dpc (data not shown) and is later restricted to the ventromedial wall of the otic vesicle (Fig. 7C) . Thus, Dach1, Pax2, and Eya1 show overlapping expression domains in the medial wall of the otic vesicle.
Early Dach1 expression is not affected by the loss of Pax2 or Eya1
The overlapping expression of Dach1, Pax2, and Eya1 in the developing otic vesicle suggested that these genes may, like their Drosophila counterparts, have genetic regulatory relationships. In order to understand the function of Pax2, we generated a Pax2 knock-out mouse (see Fig. 8 and Section 4). In agreement with previous reports (Torres et al., 1995 (Torres et al., , 1996 , Pax2 knock-out mice have inner ear defects and lack kidneys, ureters, and genital tracts (data not shown). Pax2 is normally expressed in the medial and ventrolateral walls of the otic vesicle ( Fig. 7A ; Torres et al., 1996) which will later form the cochlea and spiral ganglia. In the Pax2 knock-out mouse, the cochlea and spiral ganglia fail to form (Torres et al., 1996) . To test the possibility that Pax2 may regulate the expression of Dach1 and/or Eya1, we analyzed their expression in Pax2 mutant embryos at 12 dpc. Dach1 expression in the medial wall of the otic vesicle (Sey/Sey) shows no change in expression in the telencephalon or otic vesicle. In the eye, Dach1 expression appears to be more intense in the Sey/Sey embryos as compared to wild-type. However, this apparent difference was not observed in sections through these same embryos (see C,D below). We conclude, therefore, that the apparently more intense expression of Dach1 in the eye of such Sey/Sey embryos is an artifact of visualizing the expression patterns in whole mount, either due to the absence of a thickened lens placode in the Sey/Sey embryos or representing pooled probe in the unfused optic vesicle of the Sey/Sey embryos. (C,D) Transverse cryosections through embryos in (A,B). (C) Dach1 is expressed in the retina and in the mesenchyme surrounding the eye of wild-type embryos. (D) In Small eye homozygous mutant eyes the optic vesicle has failed to fuse. However, Dach1 expression is still observed in the retina and in the mesenchyme surrounding the eye. 1/1, wild-type; Sey/Sey, Small eye (Pax6) homozygous mutants; dpc, days post coitum; tc, telencephalon; ey, eye, ov, otic vesicle; R, retina; m, mesenchyme; V, optic vesicle. 
(D)
Pax6 is also expressed throughout an 15.5 dpc retina, with elevated levels in the inner regions. (E,G) Dach1 becomes restricted to the ventricular zone and inner nuclear layer of 17.5 dpc (E) and PO (birth) retina (G). (F,H) Pax6 is expressed throughout the retina, but expression levels are highest in the outer nuclear layer at stages 17.5 dpc (F) and PO (birth) (H). tc, telencephalon; R, retina; L, lens; p, region of future pons; tg, trigeminal ganglia; vg, vestibular ganglia; ov, developing otic vesicle; INL, inner nuclear layer; ONL, outer nuclear layer; VZ, ventricular zone. is observed in both the wild-type and Pax2 mutant otic vesicle (Fig. 7B,E) , indicating that Pax2 expression is not required for the normal onset of Dach1 expression. Eya1 expression in the ventromedial wall of the otic vesicle is also unchanged in the Pax2 mutant background (Fig.  7C,F) . Thus, Pax2 is not required for either Dach1 or Eya1 expression.
Dach1 must be regulated by factors in addition to or other than Pax2. One possible candidate was Eya1, which is shows overlapping expression domains in the medial otic vesicle (Fig. 7) . Ear development in Eya1 mutant mice is severely disrupted, resulting in the loss of all components of the inner ear, and the kidneys (Xu et al., 1999) . Moreover, it has been shown that Eya1 is required for normal Six1 expression in the ventromedial wall of the vesicle (Xu et al., 1999) , suggesting that Eya1 has a regulatory relationship with at least one vertebrate homologue of the Drosophila eye inducing genes. To test the possibility that Eya1 is also required for normal Dach1 expression we examined Dach expression in 9.5 dpc Eya1 mutant embryos. Dach1 expression in the otic vesicle, and elsewhere in the embryo is identical in the wild-type and Eya1 homozygous mutant embryos (Fig. 9, compare A and B) . This result indicates that at least at this early stage, Eya1 is not required for normal Dach1 expression.
Discussion
We have isolated a second chick homologue of Drosophila dachshund, Dach1, which is expressed in a wide range of tissues during development. In Drosophila, dachshund (dac) and the Pax gene eyeless are key regulators of neuronal development, and are involved in reciprocal genetic regulation (Quiring et al., 1994; Shen and Mardon, 1997) . Dach1 is expressed in a variety of neuronal structures, where expression overlaps with several Pax genes. In order to explore the possibility that Drosophila and vertebrate dachshund genes are involved in analogous processes and regulation in the two species, we have chosen to focus on Dach1 expression and regulation during neuronal development.
Examination of expression patterns indicates that Dach1 could be involved with Pax6 in retinal development, in a direct parallel with the established role for dachshund and ey in Drosophila eye development. From our studies of the related dachshund homologue Dach2, we have learned that vertebrate dachshund homologues can exhibit regulatory relationships with Pax genes that are not orthologues of ey (Pax6), such as Pax3 . It was therefore also possible, on the basis of expression patterns, that Dach1 is involved with Pax2 in regulating ear development.
To test the hypothesis that Dach1 has genetic regulatory relationships with these different Pax genes, we analyzed the expression of the homologous mouse gene, Dach1, in a variety of genetic backgrounds. Such analysis revealed that Pax6 expression is not required for normal Dach1 expression in the retina. This result was somewhat surprising, given that the expression of both Eya1 and Eya2 (homologues of the Drosophila eye formation gene eya) depend on Pax6 (Xu et al., 1997) . However, the expression of Six3 (a homologue of the Drosophila gene optix (Seimiya and Gehring, 2000) ) also does not require Pax6 (Oliver et al., 1995a) . Because Pax6 is the only Pax gene expressed throughout the eye during eye development (Pax2 expression is restricted early to the ventral optic cup, and later to the optic stalk and adjacent neural retina ), early Dach1 and Six3 expression in the retinal may be regulated by factors that are not Pax genes, perhaps in a parallel pathway. This hypothesis is supported by the recent finding that Drosophila optix induces ectopic eyes by an eyeless-independent mechanism (Seimiya and Gehring, 2000) . Therefore, the vertebrate counterpart Six3, and by extension the Dach1 expression in the developing retina, may be regulated by an analogous Pax-independent mechanism.
We have shown that early expression of Dach1 in the otic vesicle does not require either Pax2 or Eya1 as upstream regulators. It is possible that Dach1 lies upstream of Pax2 and Eya1 in a genetic regulatory hierarchy. This possibility would need to be tested by examining Pax2 and Eya1 expression in a Dach1 mutant background. However, since recent results show that Dach1 mutants to not have obvious ear (or kidney) defects (Davis et al., 2001b) , Dach1 is unlikely to lie upstream of Pax2 and Eya1. Alternatively, early Dach1 expression may be regulated by factors in addition to, or other than, Pax2 or Eya1. One possible candidate is a second Pax gene closely related to Pax2, Pax8.
Pax8 is expressed in the otic vesicle, in a pattern similar but not identical to Pax2 (Plachov et al., 1990) , however Pax8 mutant mice do not have ear phenotypes (Mansouri et al., 1998) . It has been postulated that Pax2 is upregulated in these mice to compensate for the loss of Pax8 (Xu et al., 1999) . Though this model has not been directly tested, this type of compensatory upregulation has been observed with other Pax genes, for example Pax3 and Pax7 in the somite and neural tube (Borycki et al., 1999) . Pax2/Pax8 combinatorial regulation has previously been proposed as a mechanism for Eya1 regulation (Xu et al., 1999) . By extension, it is possible that Dach1 and Eya1 are independently regulated by the combination of Pax2 and Pax8. Analysis of Pax8 mutant mice, and Pax2/Pax8 double mutant mice, would be required to test this model. The alternative to this model is that Dach1 expression is regulated solely by Pax-independent mechanisms.
On the basis of their expression patterns, Pax, Dach, Eya, and Six genes can potentially act both in a network with one other, and in an independent fashion. Many sites of gene overlap exist in the embryo. For example, in the somite where Pax, Dach, Eya, and Six genes are co-expressed, these genes do regulate each other's expression and function together to regulate myogenesis . Dach and Pax genes are also co-expressed in the developing eye. Although we do not see any regulation of Dach1 by Pax6, we cannot rule out the possibility that these genes function together during eye development. In contrast to these two examples, there are certain sites in the embryo where Pax genes are present, but do not overlap with Dach, Eya, or Six genes. For instance, both Pax1 and Pax9 are expressed in the developing sclerotome, and are required for normal sclerotomal development . However, none of the known Dach, Eya, or Six genes are expressed in the sclerotome. Either the sclerotome is patterned by mechanisms which do not involve the Dach/Eya/Six cassette, or we have not yet identified the relevant Dach, Eya, Six genes. Conversely, certain Dach genes have expression patterns which do not overlap with any known Pax genes. For example, Dach1 is expressed in the limb in a pattern that does not resemble the expression patterns of either of the two Pax genes expressed during limb development (see Fig. 2 ; LeClair et al., 1999) . In the limb, therefore, Dach1 must operate independently of Pax genes. This apparent coupling of Dach genes to both Pax-dependent and Pax-independent processes is also seen in Drosophila. dachshund functions during eye development, during mushroom body formation, and during leg development (Mardon et al., 1994; Martini et al., 2000) . In the eye, dachshund functions with ey (Pax6) to regulate eye development, and these two genes regulate each other's expression (Shen and Mardon, 1997) . During mushroom body neuron development, dachshund and ey are co-expressed, however dachshund expression is not dependent on ey (Kurusu et al., 2000; Martini et al., 2000) . Finally, ey is not coexpressed with dachshund during leg development, and therefore could not function with dachshund, or serve as a regulator of dachshund expression (Mardon et al., 1994) . Thus, in both Drosophila and vertebrates, while Dach genes and Pax genes may function with each other or display regulatory relationships in some regions where they are co-expressed, they may not necessarily be expected display functional connections or regulatory relationships in all contexts.
Why, if Dach and Pax genes are co-expressed in vertebrate neural development, do they not display the same genetic regulatory relationships that are observed in Drosophila eye development? It is possible that Dach and Pax genes were co-expressed and functioned together in an ancestral nervous system. Pax6 homologues are expressed in the developing eyes of flatworms, ribbonworms and squid, and in the sensory cells of ascidians, sea urchins, and Caenorhabditis elegans (reviewed in Callaerts et al., 1997) . The existence of Pax6 and the expression of Pax6 in neural structures in both protostome and deuterostome phyla, suggests that at least Pax6 operated as a neural regulator prior to the split between these two groups. While Dach genes have been identified in numerous arthropod species (Abzhanov and Kaufman, 2000; Schoppmeier and Damen, 2001 ; and T.A. Heanue, C.J. Tabin, unpublished results), an examination of eye expression in has not been undertaken. Moreover, Dach homologues have yet to be identified in more evolutionarily distant species. However, if we are to speculate that Pax and Dach genes were coexpressed in a primitive ancestor, there are two scenarios to explain the presence of a regulatory relationship between these two genes in Drosophila eye formation. Either a regulatory relationship between Pax and Dach genes evolved secondarily in the in the Drosophila lineage (or within a subset of the protostomes) to stabilize an efficient neural regulatory network. Alternatively, the regulatory relationship may have proceeded the split between protostome and deuterostome lineages. In the latter scenario, the regulatory relationship must have been lost, replaced, or augmented in vertebrate neural development. The fact that a regulatory relationship is observed between Pax3 and Dach2 during myogenesis may suggest that the latter model is more likely. However, it will only be through the identification of Dach homologues across a broad range of phyla and functional studies of Pax and Dach genes in these species that we will be able to draw conclusions about the emergence and evolution of the Pax and Dach regulatory relationship.
Experimental procedures
Cloning of chick Dach1
A human retinal cDNA (I.M.A.G.E. Consortium cDNA clone ID #381801; (Lennon et al., 1996) was identified as sharing homology to Drosophila dachshund by a TBLASTN screen of the Drosophila dachshund sequence against the dbEST database, and was obtained from Research Genetics, Inc. (Huntsville, AL). A stage 12-15 embryonic chick cDNA library cloned in lZAPII was screened with a 600 bp SmaI-EcoRI fragment of 381801 as described previously . Positive clones were sequenced and fell into two classes, one more closely related to the EST clone representing Dach1 and a second representing Dach2 . Several overlapping clones were used to construct a partial Dach1 clone (cd1b), which lacks the 5 0 end (GenBank accession number AF427472).
Embryos
Fertilized White Leghorn chicken embryos were obtained from SPAFAS, Norwich, CT. Chick embryos were staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) . Wild-type mouse embryos were obtained from pregnant Swiss Webster female mice from Taconic, Germantown, NY. Small Eye (Sey) mice were kindly provided by Richard Maas (Harvard Medical School), and matings between heterozygote pairs, yielded both wild-type and homozygous mutant embryos. Embryos were harvested at 9.5-10 dpc. Genotype was determined as described previously (Xu et al., 1999) . Pax2 mutant mice were generated (see below). Embryos from Pax2 heterozygote matings were harvested at 12 dpc. Homozygous mutant embryos were identified by the absence of kidneys (Torres et al., 1995) . PCR genotyping using the following primer pairs: Pax2 upstream CCGTAATGGGATAGGTTACG, and Pax2/lacZ GTCCCTTCCTTTTCTCCTCA, was used to identify the mutant allele. The absence of the mutant allele, as well as the presence of kidneys, indicated that the embryo was wild-type. Eya1 wild-type, heterozygous, and homozygous mutant embryos at 9.5 dpc were generously provided by Richard Maas (Harvard Medical School). Genotyping was performed as previously described (Xu et al., 1999) .
Whole-mount and section RNA in situ hybridization
Whole-mount in situ hybridization and section in situ hybridization with non-radioactive and [ 33 P]UTP probes were carried out as previously described (Bao and Cepko, 1997; Riddle et al., 1993; Vortkamp et al., 1996) . Probe templates used on chick tissues were as follows: chick Dach1 (cd1b, SmaI digest, T7 polymerase), chick Pax6 and chick Pax2 probes were provided by Jeff Golden (University of Pennsylvania, PA). Probes used on mouse tissues were as follows: mouse Dach (mdc8-3, NotI, T7), mouse Pax6 (mPax6, BglII, T3), mouse Pax2 (Pax2/ pBSKS 1 , BamHI, T3; provided by Richard Maas, Harvard Medical School), mouse Eya1 (Eya1-2/pBSKS, SalI, T7; provided by Richard Maas, Harvard Medical School). Analysis of Dach1 expression in Small eye and wild-type mutant mouse embryos by whole-mount in situ hybridization and the subsequent tissue sectioning was performed as previously described .
Construction of Pax2 targeting vector
A bacteriophage l recombinant clone (clone 8) with a 15 kb insert spanning the first 3 exons of Pax2 and upstream region was isolated from a 129/Sv genomic library using a cDNA probe for Pax2 . A 4 kb fragment immediately upstream of Pax2 was generated by digestion with BamHI and NotI and this was cloned upstream of Escherichia coli lacZ creating P2lacZ (Rowitch et al., 1999 ). The resulting construct was then sub-cloned upstream of pGKneo in pGKneobpA (Soriano et al., 1991) . Subsequently, a 4 kb HincII fragment comprising part of exon1, exons 2, 3, and downstream intronic sequences were cloned downstream of pGKneo. The targeting construct is shown in Fig. 7 . The vector was linearized with SalI before electroporation.
Generation of targeted embryonic stem cells, chimeras, and heterozygotes
Electroporation of CJ7 embryonic stem (ES) stem cells (Swiatek and Gridley, 1993) and selection for cells in which homologous recombination had occurred with G418 and FIAU were performed essentially as described (Takada et al., 1994) . ES cell clones were screened for a homologous recombination event by Southern analysis of genomic DNA digested with EcoRI, using a radiolabeled probe generated from a 400 bp BamHI genomic fragment (see Fig. 7 ) essentially as described (Takada et al., 1994) . ES cells from the correctly targeted clone were infected into C57L/6J recipient blastocysts to generate chimeras as described (Bradley, 1987) . Two transmitting chimeric males were intercrossed to C57BL/6J females and agouti offspring were initially genotyped by Southern analysis of genomic DNA using the probes described above. Heterozygous Pax2 mice were intercrossed to obtain homozygous mutant Pax2 offspring. Note that a functional 4 kb upstream region Pax2-lacZ reporter construct (Rowitch et al., 1999) was the basis for the targeting construct used. However, despite extensive testing, we failed to detect activity of b-galactosidase in tissues heterozygous or homozygous for the targeted allele. This is possibly due to a pGKneo cassette, which is retained in the final targeted allele (Meyers et al., 1998) .
